Introduction
Deep vein thrombosis (DVT) is one of the leading causes of morbidity and mortality worldwide owing to the development of pulmonary embolism, a fatal sequela that occurs when the thrombus breaks apart and moves to the lung. 1 DVT is common after surgery, especially after hip or knee arthroplasty. Morbidity of DVT after hip or knee arthroplasty reaches to 35% without a post-operative prescription anticoagulation claim. 2 Inflammation plays a pivotal role in thrombosis. [3] [4] [5] [6] [7] Our previous study also showed a close relationship between DVT Keywords ► deep vein thrombosis ► SIRT1 ► inflammation ► resveratrol ► EX527
Abstract
Background Inflammation plays an important role in thrombus formation, and Sirtuin 1 (SIRT1) negatively regulates inflammation via deacetylating nuclear factorkappa B. However, the relationship between SIRT1-regulated inflammation and deep vein thrombosis (DVT) is still unknown.
Objective The aim of this study was to investigate whether SIRT1 plays a critical role in inferior vena cava (IVC) stenosis-induced DVT. Materials and Methods Thrombus weight and histopathologic analysis of IVC were evaluated at different time points after IVC stenosis in rats. Serum levels of inflammatory cytokines and protein expressions of SIRT1, acetylated p65 (Ace-p65), phosphorylated p65 (p-p65) and tissue factor (TF) in thrombosed IVC were assessed. Besides, the effects of resveratrol (RES, a SIRT1 agonist) and EX527 (a selective SIRT1 inhibitor) on DVT were evaluated. Results Thrombus weight was increased from 1 to 3 days after IVC stenosis, and then was decreased afterwards. Leukocytes infiltration appeared and serum levels of cytokines were significantly increased in rats of IVC stenosis. SIRT1 protein expression was significantly down-regulated at 1 hour and 1 day after stenosis, while p-p65, Ace-p65 and TF protein expressions appeared a contrary trend. RES reduced thrombus weight, leukocytes infiltration, levels of tumour necrosis factor-α and interleukin-1β and protein expressions of Ace-p65 and TF as well. Moreover, RES significantly increased the protein and messenger ribonucleic acid expressions of SIRT1, while EX527 abolished the protective effects of RES. Conclusion SIRT1 activation attenuated IVC stenosis-induced DVT via anti-inflammation in rats. Therefore, SIRT1 may be a potential therapeutic target that could ameliorate DVT. and inflammation. 8 Neutrophils, monocytes and lymphocytes exert critical roles in thrombus formation. Adhesion of neutrophils has been identified as the initial event during the process of thrombosis. 9 Serine protease and elastase, released by neutrophils, cleave and oxidize anticoagulants including tissue factor pathway inhibitor and thrombomodulin (TM). Moreover, neutrophil extracellular traps (NETs) bind to von Willebrand factor and then activate platelets. Monocytes participate in the processes of thrombosis and inflammation by expressing tissue factor (TF) and P-selectin, respectively. 10 Leukocyte-released pro-inflammatory cytokines such as interleukin-1β (IL-1β) and tumour necrosis factor-α (TNF-α) promote thrombosis via down-regulating endothelial protein C receptor and TM. 9 Intriguingly, all of these molecules are regulated by nuclear factor-kappa B (NF-κB). 11, 12 Yeast silent information regulator 2 (Sir2) is a nicotinamide adenine dinucleotide-dependent protein with deacetylase and adenosine diphosphate-ribosyltransferase activities. Mammalian homologues of Sir2 are made up of seven members, Sirtuin (SIRT) 1-7. SIRT1-7 are implicated in a variety of cellular functions such as gene silencing, cell apoptosis and energy homeostasis in the nucleus, cytosol and mitochondria. 13 SIRT1 is the closest homologue to Sir2 and it is essential for cell survival, differentiation, senescence and metabolism via anti-inflammation or antioxidation. 14 SIRT1 deacetylates p65 at Lys310, which results in transcriptional silencing at facultative heterochromatin of pro-inflammatory genes such as TNF-α and IL-1β. 15, 16 It has been reported that SIRT1 inhibition increases TF activity and promotes arterial thrombosis in vivo. 17 SIRT3 deficiency does not affect venous thrombosis or NETosis despite mild elevation of intracellular reactive oxygen species in platelets and neutrophils in mice. 18 However, no evidences have shown whether regulation of inflammation by SIRT1 is involved in DVT.
To assess the relationship among SIRT1/NF-κB signalling pathway, inflammation and DVT, serum levels of inflammatory cytokines, and morphological changes, leukocytes infiltration, protein expressions of SIRT1, phosphorylated p65 (p-p65) and acetylated p65 (Ace-p65) of thrombosed inferior vena cava (IVC) were evaluated in rats of stenosis-induced DVT. Resveratrol (RES) and EX527, the agonist and antagonist of SIRT1, were applied to further determine the role of SIRT1 in DVT.
Materials and Methods

Animals
Male and female Sprague-Dawley (SD) rats (250-300 g, approved NO. SCXK 2013-0034) were provided by the Experimental Animal Center, Guangzhou University of Chinese Medicine. All rats had free access to a standard diet and drinking water, and were housed in a room at 24.0 AE 0.5°C and with a 12-hour/12-hour cyclic lighting schedule. The experiments were performed in compliance with the Animal Ethics Committee of Guangzhou University of Chinese Medicine.
IVC Stenosis-Induced DVT Model in Rats
IVC thrombus was induced as described previously with slight modification. 8 In brief, rats were anaesthetized with intraper-itoneal injection of pentobarbital sodium (36 mg/kg, Merck, Darmstadt, Germany) and then a 2-cm incision was performed along the abdominal midline. The IVC just caudal to the left renal vein was partially ligated by tying a 5-0 silk suture tightly around the vein together with an acupuncture pin (0.35 mm Â 50 mm) and then removing the pin. The abdominal muscle and skin were sutured. After closing each layer, ceftriaxone sodium (Lijian, Shenzhen, China) was sprinkled evenly along the incision line to prevent bacterial infection. The rats in the sham group received the same surgical procedure without IVC stenosis.
Study Design
This study was composed of three parts. In the first part, the blood and thrombosed IVC were harvested at 0.5 hour, 1 hour, 1 day, 3 days, 5 days, 7 days or 14 days after stenosis. In the second part, RES was applied to investigate the effect of SIRT1 on thrombus formation. Rats were randomly divided into five groups: sham group, model group, low, medium and high doses of RES (Sigma-Aldrich, Missouri, United States) groups. RES was dissolved in 0.5% sodium carboxymethyl cellulose, and orally administered at 25, 50 and 75 mg/kg once daily for 2 days. The first dose was administered at 1 hour before thrombus induction, and the second one was at 24 hours after surgery. The rats in the sham and model groups were orally administered with vehicle.
In the third part, rats were randomly divided into eight groups: (1) normal group; (2) sham group; (3) sham þ RES group; (4) sham þ EX527 group; (5) model group; (6) model þ RES group; (7) model þ RES þ EX527 group; and (8) model þ EX527 group. RES was orally administered at 50 mg/kg once daily for 2 days. The first dose was administered at 1 hour before thrombus induction, and the second one was at 24 hours after surgery. EX527 (10 mg/kg, Selleck Chemicals, Texas, United States) was dissolved in a solution of 1% dimethyl sulfoxide, 30% polyethylene glycol 400 and 0.9% sodium chloride, and intraperitoneally injected in a volume of 2 mL/kg body weight 20 minutes before thrombus induction. 19, 20 
Thrombus Weight
At the indicated time points or 1 hour after the final administration of RES, rats were anaesthetized with pentobarbital sodium. Blood samples from the carotid artery were collected into ordinary vacuum blood collection tubes without any anticoagulants or coagulants. IVCs were then dissected, weighed and split into two parts. One part was fixed in 4% paraformaldehyde dissolved in phosphate-buffered saline (PBS) (pH 7.4) for 48 hours at 4°C for histopathologic and immunohistochemical analysis. And the other part was stored at -80°C for Western blot, quantitative real-time polymerase chain reaction (qRT-PCR) and immunofluorescence analysis.
Measurement of Inflammatory Cytokines
Sixty minutes after blood collection, the serum was obtained by centrifugation at 1,600 Â g for 10 minutes at 4°C, stored at -80°C and detected within 2 weeks. Serum levels of IL-1β (Invitrogen, California, United States) and TNF-α (Lianke Biotech, Hangzhou, China) were assayed using commercially available enzyme-linked immunosorbent assay kits.
Histopathology and Immunohistochemistry
IVCs fixed in 4% paraformaldehyde were dehydrated through graded alcohol, mounted in paraffin wax and sectioned into slices of 4 μm thickness. Specimens were stained with haematoxylin and eosin. The numbers of neutrophils, monocytes and lymphocytes within the vein wall and thrombus of each sample were counted and summed from five high power fields (Â400). 21 For immunohistochemical staining, specimens were immersed in 3% H 2 O 2 for 10 minutes, blocked with 10% goat serum and then incubated with antibody to TF (1:50; Abcam, Cambridge, United Kingdom) at 4°C overnight. Sections were then processed using a rabbit and mouse horseradish peroxidase (HRP) kit (CWBIO, Beijing, China). Pathological changes in thrombosed IVCs were observed under an optical microscope (BX53; Olympus, Tokyo, Japan).
Western Blot Analysis
IVCs taken from -80°C fridge were lysed with solution containing 98% radioimmunoprecipitation assay buffer, 1% phenylmethylsulfonyl fluoride and 1% phosphatase inhibitor (CWBIO). After homogenization on ice, tissue lysates were centrifuged at 14,000 Â g for 10 minutes at 4°C and the supernatants were then obtained. Protein concentrations were measured with a bicinchoninic acid assay protein assay kit (CWBIO). Denatured proteins were separated on 8% polyacrylamide gels and then transferred onto polyvinylidene difluoride membranes (Millipore, California, United States). After blocking with 5% bovine serum albumin for 1 hour, the membranes were probed with primary antibodies against rat SIRT1 and Ace-p65 (Lys310) (1:8,000 and 1:250, respectively; Abcam), p65, p-p65 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:1,000; Cell Signaling Technology, Massachusetts, United States) overnight at 4°C. Afterwards, HRP-conjugated secondary antibody (Cell Signaling Technology, 1:2,000) was applied. Immunoreactive bands were visualized using a chemiluminescence apparatus (5200CE; Tanon, Shanghai, China), and analysed using the Labwork image analysis software (National Institutes of Health, Maryland, United States).
qRT-PCR Assay
Total ribonucleic acids (RNAs) were extracted from frozen IVCs using TRIzol (CWBIO). The purity of RNA samples was checked by NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Massachusetts, United States). Subsequently, RNA was reversely transcribed into complementary deoxyribonucleic acid (cDNA) using the RevertAid first strand cDNA synthesis kit (Thermo Fisher Scientific). The qRT-PCR was performed with PowerUp SYBR Green Master Mix (Thermo Fisher Scientific). The PCR was performed using ABI 7500 Fast Real-Time PCR system (Thermo Fisher Scientific) as the following: 2 minutes at 50°C for uracil-Nglycosylase incubation, 2 minutes at 95°C for activation of Dual-Lock DNA polymerase and then 15 seconds at 95°C, 15 seconds at 60°C and 1 minute at 72°C for 40 cycles of denature. Gene expression values were calculated by 2 -ΔΔCT relative expression method. The following primers were used:
(1) SIRT1 Forward: 5-TTGACCTCCTCATTGTTATTGGG-3. Reverse: 5-GGCATACTCGCCACCTAACC-3.
(2) GAPDH Forward: 5-GGCACAGTCAAGGCTGAG AATG-3. Reverse: 5-ATGGTGGTGAAGACGCCAGTA-3.
Immunofluorescence Analysis
The frozen IVCs were sectioned into slices of 6 μm thickness. Specimens were fixed with cold acetone for 15 minutes at -20°C and rinsed three times with PBS containing 0.05% Tween 20. Sections were permeabilized with 1% Triton X-100 (Ameresco, Massachusetts, United States) for 20 minutes and blocked with 10% goat serum for 60 minutes. Thereafter, sections were incubated with anti-SIRT1 antibody (1:2,000; Abcam) overnight at 4°C. After washing with PBS, sections were incubated with a goat anti-mouse secondary antibody conjugated to Alexa Fluor 555 (Cell Signaling Technology) for 60 minutes. Sections were then rinsed with PBS containing 0.05% Tween 20 and counterstained with 4′,6 diamidino-2phenylindole dihydrochloride (Sigma-Aldrich) for 5 minutes.
Representative fluorescence images were obtained using a laser scanning confocal microscope (LSM800; Carl Zeiss, Jena, Germany).
Statistical Analysis
Data were expressed as mean AE standard error of the mean. The groups were compared using a one-way analysis of variance followed by Tukey's post hoc test with the GraphPad Prism version 5.0 (GraphPad Software Inc., California, United States). p-Value of < 0.05 was considered statistically significant.
Results
Time Course of IVC Thrombosis
A red blood filament was observed at 1 hour after stenosis, and a fragile thrombus was formed at 1 day. The thrombus grew into a hard one with time. As shown in ►Fig. 1, IVC stenosis induced DVT in a time-dependent manner. Male and female rats exhibited similar thrombi after stenosis (►Supplementary Fig. S1 , available in the online version). In terms of thrombus weight and morphological changes, there were no differences among normal and various sham groups (►Supplementary Fig. S2 , available in the online version).
Leukocytes Infiltration and TF Expression
The number of neutrophils reached a maximum at 1 hour and 1 day in the vein wall, while at 1 day in the thrombus. Monocytes and lymphocytes were significantly increased during 1 to 14 days (p < 0.05 or p < 0.01 vs. normal control, Fig. 2A-C) . As shown in Fig. 2D , TF was little expressed in normal and 0.5 hour groups, while it was highly expressed in active monocytes, neutrophils and endothelium 1 hour to 14 days after stenosis. 
RES Inhibited Thrombosis and Inflammation
Effects of RES on SIRT1/NF-κB Signalling Pathway
As shown in ►Fig. 7A, RES enhanced messenger RNA (mRNA) and protein expressions of SIRT1. RES at 50 mg/kg increased SIRT1 protein and mRNA expressions by 420.0 and 45.8%, respectively (p < 0.05 vs. model group, ►Fig. 7B and C). In contrast, RES at 50 mg/kg restored Ace-p65 protein expression towards normal level (►Fig. 7D) and down-regulated TF protein expression by 28.1% (p < 0.05 vs. model group, ►Fig. 7E).
EX527 Abolished the Protective Effect of RES on Thrombosis
As shown in ►Fig. 8, there were no differences in thrombus weight and protein expressions of SIRT1, Ace-p65 and p-p65 between the normal and sham groups. RES and EX527 had no effect on sham-operated rats. Moreover, EX527 alone had no influence on the above parameters in stenosis-treated rats.
However, EX527 significantly reversed the effect of RES in stenosis-operated rats.
Discussion
Recently, it has been strongly suggested that inflammation contributes to venous thrombosis. 22 During the occurrence of DVT, endothelium is active and expresses adhesion molecules that bind to P-selectin glycoprotein ligand-1 or integrin receptor of leukocytes. Active leukocytes and endothelium secret pro-inflammatory cytokines such as IL-1β and TNF-α that inhibit the anticoagulant system. [23] [24] [25] In turn, TNF-α promotes the infiltration of leukocytes. 26 Cytokines induce leukocytes and endothelial cells to express TF and vice versa. 27 IVC stenosis induced thrombosis (►Fig. 1), and increased infiltration of leukocytes, TF expression (►Fig. 2) and serum levels of cytokines (►Fig. 3), which may suggest that DVT is associated with inflammation. It has been reported that SIRT1 knockdown promotes adipose tissue inflammation by controlling the gain of proinflammatory transcription in SD rats, 28 while SRT1720 (SIRT1 agonist) inhibits amyloid-β-induced inflammation and retinal pigment epithelial (RPE) barrier disruption via NF-κB pathway in RPE cells. 29 Our results showed that SIRT1 protein expression within IVC was significantly decreased at 1 hour and 1 day after stenosis, while proteins of Ace-p65 and p-p65 and serum levels of inflammatory cytokines appeared a contrary trend. These results suggest that inhibition of SIRT1 results in inflammation and leads to DVT at the early period of thrombosis. At 1 and 3 days after stenosis, the thrombus weight was increased to a maximum. However, inflammatory parameters such as neutrophils influx, TNF-α serum level and protein expressions of Ace-p65 and p-p65 at 1 day were much higher than those at 3 days. Moreover, SIRT1 protein expression was decreased to a minimum at 1 day. Therefore, 1 day was chosen as the suitable time point for further research.
RES is an agonist of SIRT1, and exerts various activities such as antioxidation, 30 anti-inflammation 31 and anti-apoptosis. 32 RES at the dose of 5 g/day has been shown to be safe in a clinical study in human. 33 Therefore, 75 mg/kg RES in our study may be safe for rats. RES at 50 mg/kg reduced thrombus weight, leukocytes infiltration and serum levels of cytokines, and increased the expressions of SIRT1 and Ace-p65. These results indicate that up-regulation of SIRT1 inhibits both inflammatory response and DVT. Our results showed that RES at 25 mg/kg had no effect on inhibiting thrombosis, while another research reported that 25 mg/kg RES augmented the expression of SIRT1. 34 The reason may be that RES was intra-gastrically administered in our experiment, whereas it was intraperitoneally injected in their study.
Surgical operation had no effect on protein expression of p-p65 (►Fig. 8), which indicates that surgical trauma has little effect on inflammation. Therefore, RES administration suppressed thrombus-associated inflammation rather than surgery-associated inflammation. EX527, a potent and selective SIRT1 inhibitor, abolished the protective effect of RES on DVT (►Fig. 8), which further indicates that down-regulation of SIRT1 plays a critical role in DVT.
Our results showed that RES (agonist of SIRT1) increased SIRT1 protein expression, and EX527 (antagonist of SIRT1) reversed RES-induced increase of SIRT1 protein expression. Consistent with our findings, RES increases SIRT1 protein in other studies, attenuating anoxia/re-oxygenation-induced and phosphorylated p65 (p-p65) at 1 day after inferior vena cava (IVC) stenosis in rats. RES was orally administered at 50 mg/kg once daily for 2 days. The first dose was administered at 1 hour before thrombus induction, and the second one was at 24 hours after surgery. EX527 was intraperitoneally injected at 10 mg/kg in a volume of 2 mL/kg body weight 20 minutes before surgery. One hour after the final administration of RES, tissue samples were collected. (A) Thrombus weight is shown. (B-D) Thrombosed IVC lysates were examined for SIRT1, Ace-p65 and p-p65 protein expressions by Western blot. Data were expressed as mean AE standard error of the mean (SEM), n ¼ 6. ÃÃ p < 0.01 versus sham group; # p < 0.05 versus model group; a p < 0.05 versus model þ RES group. mitochondria apoptosis in cardiomyocytes 35 and acute kidney injury in a septic rat model, 36 which is also reversed by EX527. The reason for RES and EX527 modulating protein expression of SIRT1 may be that RES (►Fig. 7C) and EX527 37,38 could regulate the transcription of SIRT1.
Therefore, our data showed that IVC stenosis down-regulated SIRT1 protein expression. Subsequently, Ace-p65 was increased, and then inflammatory cytokines and TF protein expression were highly expressed from active leukocytes and endothelium. Besides, cytokines induce leukocytes and endothelial cells to express TF protein and vice versa. 27 Cytokines promote leukocytes infiltration. 26 Meanwhile, leukocytes infiltration promotes the secretion of cytokines [23] [24] [25] and TF protein expression. All of these mediators contribute to DVT (►Fig. 9).
Conclusion
Taken together, inflammation occurred and SIRT1 protein expression was remarkably decreased in rats of IVC stenosisinduced DVT. Besides, RES inhibited inflammation and DVT, while EX527 abolished these protective effects of RES. These results indicate that DVT is modulated by inflammation regulated via the SIRT1/NF-κB signalling pathway.
What is known about this topic?
• Inflammation plays a pivotal role in deep vein thrombosis (DVT). • Sirtuin 1 (SIRT1) negatively regulated inflammation via deacetylating nuclear factor-kappa B (NK-κB) at Lys310.
What does this paper add?
• Inflammation biomarkers were significantly increased and SIRT1 was remarkable decreased in rats of DVT. • RES inhibited inflammation and DVT with decreased deacetylation of NK-κB. • EX527 abrogated the protective effect of RES on DVT.
